We report the methanol synthesis from CO 2 and H 2 on metal (M = K, Ti, Co, Rh, Ni, and Cu)-modified model Mo 6 S 8 catalyst using density functional theory (DFT). The results show that the catalytic behavior of a Mo 6 S 8 cluster is changed significantly due to the modifiers, via the electron transfer from M to Mo 6 S 8 and therefore the reduction of the Mo cation (ligand effect) and the direct participation of M in the reaction (ensemble effect) to promote some elementary steps. With the most positively charged modifier, the ligand effect in the case of K-Mo 6 S 8 is the most obvious among the systems studied; however it cannot compete with the ensemble effect, which plays a dominate role in determining activity via the electrostatic attraction in particular to stabilize the CH x O y species adsorbed at the Mo sites of Mo 6 S 8 . In comparison, the ligand effect is weaker and the ensemble effect is more important when the other modifiers are used. In addition, the modifiers also vary the optimal reaction pathway for methanol synthesis on Mo 6 S 8 , ranging from the reverse water-gas shift (RWGS) + CO hydrogenation as that of Mo 6 S 8 to the formate pathway. Finally, K is able to accelerate the methanol synthesis on Mo 6 S 8 the most; while the promotion by Rh is relatively small. Using the modifiers like Ti, Co, Ni, and Cu, the activity of Mo 6 S 8 is decreased instead. The relative stability between *HCOO and *HOCO is identified as a descriptor to capture the variation in mechanism and scales well with the estimated activity. Our study not only provides better understanding of the reaction mechanism and actives on the modified Mo 6 S 8 , but also predicts some possible candidates, which can be used a promoter to facilitate the CH 3 OH synthesis on Mo sulfides.
Introduction
Carbon dioxide (CO 2 ) recycling as a feedstock for producing chemicals contributes to hinder the greenhouse effect caused by the increasing CO 2 emissions. Hydrogenation of CO 2 to synthesize methanol (CO 2 + 3H 2  CH 3 OH + H 2 O) has attracted considerable interests. [1] [2] [3] [4] [5] This reaction is of great industrial importance because CH 3 OH has been proposed as an alternative energy source 6, 7 and is an important resource to synthesize organic compounds. 8 The overall conversion in gas-phase is an exothermic reaction (H 0 = -49 kJ/mol), and is merely inhibited by kinetics. Hence, the performance of the catalyst is of great importance to accelerate the kinetics of the process.
Cu-ZnO/Al 2 O 3 catalyst is used in industry to produce CH 3 OH from syngas mixture (CO-CO 2 -H 2 ) over at 493-573 K and 5-10 MPa; 9 , 10 However, the conversion is kinetically limited to 15%-25%. 2 Extensive efforts have been devoted to investigate the underlying reaction mechanism on Cu and Cu-based systems. 4, [11] [12] [13] [14] [15] In contrast, little attention has been paid to Mo compound-based catalysts. [16] [17] [18] Bare MoS 2 nanoparticles and edge surfaces convert syngas only to hydrocarbons. 19, 20 The promoters are found necessary for the higher sulfur-and cokeresistance, and better selectivity to higher alcohols. 21 Differently, our previous study showed that by adopting a unique conformation a model Mo 6 S 8 cluster displayed high selectivity to CH 3 OH and the CH 3 OH production was likely to be higher than pure Cu, while the cluster both in gas phase and supported on Au(111) stayed intact in interaction with the adsorbates. 22 However, the overall conversion of CO 2 was much lower than that of MoS 2 , which was associated with weaker binding and therefore higher barrier for bond breaking due to the higher S/Mo ratio.
In the present paper, DFT calculations were performed to investigate the CH 3 OH synthesis from CO 2 and H 2 on a model Mo 6 S 8 cluster modified by various metals (M = K, Ti, Ni, Co, Cu, and Rh), aiming to understand the behaviors of Mo, S and M during the methanol synthesis and improve the activity of Mo 6 S 8 . On one hand, our study provides better understanding of the reaction mechanism and actives on the modified Mo 6 S 8 (M-Mo 6 S 8 ); on the other hand, it also predicts some possible candidates, which can be used a promoter to facilitate the CH 3 OH synthesis on Mo sulfides.
Computational details
Spin-unrestricted DFT calculations for CO 2 hydrogenation to CH 3 OH on a M-Mo 6 S 8
cluster were conducted using DMol 3 , 23, 24 which utilized the effective core potentials, doublenumerical basis set with polarization functions and GGA-PBE 25 for the exchange and correlation functional. A global orbital cutoff of 5.5 Å was used. The modification by adsorbing an adatom of M (M = K, Ti, Ni, Co, Cu, and Rh) was considered, ranging from the alkaline metals to the late transition metals. M-Mo 6 S 8 clusters were allowed to fully relax with the adsorbates and no constraints were applied. The binding energy of M on the cluster was expressed as E(M-Mo 6 S 8 ) -E(Mo 6 S 8 ) -E(M), where E represents the total energy of a MMo 6 S 8 cluster, a Mo 6 S 8 cluster and a M adatom in gas-phase, respectively. We tested that the effect of zero point energy corrections, which is less than 0.15 eV for the reaction barriers.
Therefore was not included in the present study. The vdW forces were also not considered here for H 2 and CO 2 adsorptions. Our previous calculations using the same method showed that a H 2 molecule well interacted with Mo 6 S 8 , being able to dissociate spontaneously at the S sites.
22
Given that, the pre-adsorbed atomic H rather than H 2 was used currently for all systems studied.
The CO 2 adsorption is quite strong in some of the modified systems like Ti-Mo 6 S 8 , which leads to a bent O-C-O bond. The CO 2 adsorption is rather weak on Mo 6 S 8 , K-Mo 6 S 8 and Cu-Mo 6 S 8 ;
however for none of the systems, the activity-controlling step or the step with the highest activation barrier along the reaction pathway in this case is associated with the CO 2 binding. That is, the possible increasing in CO 2 adsorption energy due to the use of vdW forces is not likely to affect the trend in activity, which is our interest in this study. The transition state (TS) was located by synchronous transit methods 26 . The Linear Synchronous Transit (LST) was conducted to bracket the maximum between the reactants and products, followed by repeated conjugate gradient minimizations and the Quadratic Synchronous Transit (QST) maximizations until a transition state was located. The convergence thresholds were set as that the root mean square (rms) forces on the atoms were smaller than 0.002 Ha/Å, making sure that tightening the force threshold did not change the energies and the structures . Such method led to the results close to those obtained by eigenvector following methods. Finally, the located TS was confirmed by vibrational frequency calculations. Considering the accuracy of DFT calculations, our interest here is the difference from one system to the next, which is more precise than the absolute values.
Result and discussion

Structure of M-Mo 6 S 8
A Mo 6 S 8 cluster is highly symmetric in Chevrel phases with a Mo 6 octahedral core and the sulfur atoms located in the faces of the octahedron (Figure 1 Different adsorption sites were considered for a M adatom ( Figure S1 ). Our results show all M atoms prefer to adsorb on the surface of a cluster, rather than in the cavity of Mo 6 cage ( Figure   1 ). K prefers the S-S 2-fold site ( Figure 1a ) together with one electron transfer from K to Mo 6 S 8 (K charge: 0.93 e, Figure 2 ), which leads to the electron accumulations around both Mo and S sites ( Figure 3 ) and the formation of K cation (K + ). The other M atoms favor the hybrid Mo-S-SMo 4-fold site (Figure 1b) . In all cases, the Mo 6 octahedral core and the bridging S of Mo 6 S 8
cluster stay after interacting with M, though the structural distortion at different degrees is observed depending on the M species. Due to the increasing electronegativity going from K to Cu, the decreasing of the charge of M is observed: K > Ti > Co > Ni, Cu > Rh, (Figure 2 ), while in general the corresponding binding energy becomes weaker. One exception is K. Although there is one electron transfer from K to Mo 6 S 8 , the interaction between K and Mo 6 S 8 is almost as weak as that of Cu with charge of 0.27 e. This is likely due to the electrostatic repulsion between K cation and Mo cation. As a result, among all M studied, K is the only one, which interacts with Mo 6 S 8 selectively via S, rather than via both S and Mo ( Figure 1 ). and the corresponding barrier is 0.57 eV. The hydrogenation of *CO 2 to *HOCO (barrier, 1.14 eV) and *HCOO (barrier, 0.89 eV) can be compatible with the dissociation; in contrast, the Hassisted *CO 2 dissociation to produce *CO and *OH is the most preferential with no barrier (Figure 4) . The further hydrogenation of *CO to CH 3 OH follows the same pathway as that of K- Upon going from Mo 6 S 8 to Ti-Mo 6 S 8 , the optimal reaction pathway for CH 3 OH synthesis varies from Path 4 to Path 3. This is due to the high activity of the adsorbed Ti, which is capable to facilitate CO 2 dissociation and stabilize the various intermediates and transition states. The ensemble effect due to adding Ti plays an essential role, where Ti is involved directly in the binding of an adsorbate, especially for *H 3 CO. As a result, a high barrier of 1.82 eV (Figure 4) has to be overcome to produce *CH 3 OH via *H 3 CO hydrogenation. Compared to both Mo 6 S 8
and K-Mo 6 S 8 , the CH 3 OH synthesis on Ti-Mo 6 S 8 is rather difficult. Therefore, the catalyst may get poisoned and the activity is decreased (Figure 11 ). Yet, Ti is not active enough to allow C-O bond breaking of H x CO and therefore the formation of CH 4 can be hindered. Figure 10d) ; however, the stability for reaction intermediates and transition states is much lower. The highest barrier along the reaction pathway for CuMo 6 S 8 is 1.45 eV, corresponding to hydrogenation of *HCOO to *HCOOH ( Figure 9 ). This is quite high, which can obstacle the CH 3 OH production; while on RhMo 6 S 8 , the most activated C-O bond cleavage of *HCOOH is less difficult to overcome (barrier, 0.90 eV).
Our results show that the metal modification can affect the catalytic behavior of Mo 6 
Activity of M-Mo 6 S 8 toward methanol synthesis
Now the question is how the variation in the energetics affects the overall conversion. The rate of CH 3 OH synthesis with respect to Mo 6 S 8 is estimated according to
, where represents the highest reaction barrier along the optimal reaction path identified above (arrows in Figures 4, 7, 9 ) and T is temperature, 525 K in this case. This is based on the assumption that the step with the highest barrier along the reaction pathway is the most likely to slow down the overall conversion. Our previous calculations showed that the estimation of the overall reaction rate using was able to capture the difference in activity measured experimentally for CH 3 OH synthesis on Cu(111) and Cu/ZnO. 11 The success of such estimation has also been reported for the oxygen reduction reaction on metal surfaces. 40 In addition, for all 7
cases studied same coverage of CO 2 (one CO molecule per cluster) was applied and therefore the calculated should be comparable. Here, the desorption process was not considered for selecting . Since the reaction occurs at relatively high temperature 500K-600K, the desorption will be strongly affected considering the effect of entropy. For example, the barrier to desorb H 2 O from Mo 6 S 8 can be compensated by the energy gain from TS at 525 K ( Figure 4) ; in contrast for the TS3 associated with the highest barrier step, both the reactant and the product are adsorbed species and therefore the effect of TS is much smaller. As shown in Figure 11 , the rate for CH 3 OH yield decreases in a sequence: K- According to sabatier's principle, a good catalyst should provide a moderate binding, strong enough to adsorb and dissociate the reactants and weak enough to allow the formation and removal of products from the catalyst. 41 The promotion by K for the CH 3 OH synthesis on Mo 6 S 8 is dominated by the ensemble effect, while the ligand effect plays relatively small role. Due to the low electronegativity, K 0 transforms into K + when adsorbed on Mo 6 S 8 . More importantly, K + helps to moderate the stability of *H x CO y intermediates adsorbed at the Mo sites via electrostatic interaction as well as lower the corresponding activation barriers (Figure 4 and Figure 5 ). In addition, the S sites also participate in the reaction by stabilizing the dissociated H. Therefore, the overall high activity of K-Mo 6 S 8 is attributed to the synergy among K, Mo and S sites.
Similar situation is observed for Rh-Mo 6 S 8 . Like K + , the direct participation of Rh (ensemble effect) also helps to stabilize the reaction intermediates and transition states as compared to Mo 6 S 8 (Figure 7 ). Since Rh has the much lower electronegativity than K and is less positively charged on interaction with Mo 6 S 8 (Figure 2 ), the increased stability in the case of Rh-Mo 6 S 8 is not due to the electrostatic interaction, but the direct charge transfer from Rh to the adsorbates.
As a result, the stabilization provided by Rh is much stronger than that by K + . In fact, the binding is too strong to allow the hydrogenation to occur as efficient as that of K-Mo 6 S 8 , and therefore the lower activity is predicted (Figure 11 ). Given that, the amount of M should be appropriate.
The over-dose of K or Rh may over-activate the Mo sites via the ligand effect and/or poison the active Mo and S sites.
The observed trend in CH 3 OH production rate can be well explained by the difference in binding energy between *HOCO and *HCOO ( Figure 11 ). In general, the five reaction pathways shown above can be grouped into two major reaction mechanisms. is either negative or close to zero and the RWGS + CO hydrogenation mechanism is favored for CH 3 OH synthesis ( Figure 11 ). Note that in the case of Ti-Mo 6 S 8 , *HOCO is not stable and the energy for the dissociated *OH and *CO is used instead. Within the RWGS + CO hydrogenation mechanism, a volcano-like trend is observed. An effective promoter, e.g. K, should be able to decrease the value of E ads (HOCO) -E ads (HCOO) in the case of Mo 6 S 8 slightly to achieve higher CH 3 OH yield. With the major contribution from the ensemble effect, adding K is able to stabilize *HOCO more significant for than that for *HCOO ( Figure 5 ). The K-promoted stabilization via the ensemble effect is not only for *HOCO, but also for the other H x CO species, including *HCO involved in the most highly activated step. As a result, the corresponding barrier is lowered and higher CH 3 OH production is predicted (Figure 4 and Figure 11 ). Over-stabilizing *HOCO on Ti-Mo 6 S 8 via the direct participation of Ti (ensemble effect) not only leads to the facile C-O bond cleavage, but also results in the poisoning of the catalyst. The binding that Ti provides is too strong and the formation of CH 3 OH from *H 3 CO has to overcome a high barrier (Figure 4) . Therefore, the catalyst may get poisoned and the activity is decreased (Figure 11 ).
With more positive value of E ads (HOCO) -E ads (HCOO), the formate pathway is adopted. An decreasing in activity, Rh-Mo 6 S 8 > Ni-Mo 6 S 8 > Co-Mo 6 S 8 > Cu-Mo 6 S 8 , with the increasing value of E ads (HOCO)-E ads (HCOO) is observed ( Figure 11 ). Accordingly, a promoter which is able to minimize the value of E ads (HOCO) -E ads (HCOO) should be considered for improving the activity of Mo 6 S 8 .
Finally, as shown in Figures 5, 6 Figure 5 , by losing one electron K + does not interact with the reaction intermediates alone but promoting the stability of the H x CO y species adsorbed at the Mo sites via the electrostatic interaction. In addition, considering the step with the highest barrier on KMo 6 S 8 (Figure 4) , the possible CO accumulation may be expected, which does not poison the K sites, but the Mo sites ( Figure 5 ). Therefore, K is likely to survive, which has been observed for MoS 2 -based catalysts. 21 For Rh, the site block or oxidation by *HCOO (Figure 8 ) should be considered due to the highly activated *HCOO hydrogenation on Rh-Mo 6 S 8 ( Figure 7 ). Further detailed study under more realistic reaction conditions should be carried out to gain better understanding of the catalyst stability. To make the M-Mo 6 S 8 clusters the more practical catalysts, a support can be considered. Previously, we have shown both experimentally and theoretically that a Mo 6 S 8 cluster can be successfully landed on Au(111) surface and the activity of active sites remains the same on deposition. 22 Accordingly, the similar activity for M-Mo 6 S 8
cluster on supports can be expected.
Conclusion
DFT calculations were employed to investigate the effect of a model Relative rate for methanol production Mo 6 S 8 Figure 11 TOC
